Purpose This review aims to summarise the hybrid modality radioguidance techniques currently in clinical use and development, and to discuss possible future avenues of research. Due to the novelty of these approaches, evidence of their clinical relevance does not yet exist. The purpose of this review is to inform nuclear medicine practitioners of current cutting edge research in radioguided surgery which may enter standard clinical practice within the next 5-10 years. Hybrid imaging is of growing importance to nuclear medicine diagnostics, but it is only with recent advances in technology that hybrid modalities are being investigated for use during radioguided surgery. These modalities aim to overcome some of the difficulties of surgical imaging while maintaining many benefits, or providing entirely new information unavailable to surgeons with traditional radioguidance. Methods A literature review was carried out using online reference databases (Scopus, PubMed). Review articles obtained using this technique were citation mined to obtain further references. Results In total, 2367 papers were returned, with 425 suitable for further assessment. 60 papers directly related to hybrid intraoperative imaging in radioguided surgery are reported on. Of these papers, 25 described the clinical use of hybrid imaging, 22 described the development of new hybrid probes and tracers, and 13 described the development of hybrid technologies for future clinical use. Hybrid gamma-NIR fluorescence was found to be the most common clinical technique, with 35 papers associated with these modalities. Other hybrid combinations include gamma-bright field imaging, gamma-ultrasound imaging, gamma-b imaging and b-OCT imaging. The combination of preoperative and intraoperative images is also discussed. Conclusion Hybrid imaging offers new possibilities for assisting clinicians and surgeons in localising the site of uptake in procedures such as in sentinel node detection.
Introduction
Radioguided surgery-the intraoperative detection of the emissions from a radioactive tracer-was first used in 1949 for the location of brain tumours during surgery [1] . Since 1949, radioguided surgery has been used to detect a wide variety of tumour types including examples of gastrointestinal, head and neck, gynaecologic, and urologic malignancies [1] . Radioguided sentinel lymph node biopsy (SLNB)-a technique for cancer staging through the investigation of the first lymph node which would be reached by metastasising cells-was first used in 1993 for breast cancer [2] , where its use has now become routine [3] . Radioguided SLNB is also in use, or under investigation for use in, melanoma, vulvar, penile, thyroid, colorectal, gastric, head and neck and oesophageal cancers [4] .
The majority of radioguided surgical procedures are undertaken with a non-imaging gamma probe, an instrument sensitive to gamma radiation, which produces a numeric and/or audible indication of the magnitude of activity within its field of view. The majority of radioguided procedures (SLNB being the most common) use 99m Tc-labelled tracers, which produce gamma radiation with an energy of 140.5 keV. Radionuclides of iodine are also in common use, along with a number of other gammaemitting radioisotopes [1] . Positron-emitting isotopes such as 18 F have also been used, with probes either detecting the positron radiation directly [1] , the 511 keV gamma photons produced by a positron-electron annihilation [5] [6] [7] or optical Cerenkov radiation produced by the decelerating positron [8] . Imaging systems for radioguided surgerywhich can provide additional information on spatial distribution-have been developed by a number of researchers and manufacturers. A number of previous reviews [9] [10] [11] have detailed these systems, which have a growing user base.
Medical nuclear imaging is a functional imaging technique, where there is not always a direct and intuitive link between features seen in a nuclear medicine image and anatomical landmarks within the body. One solution to assist in interpretation of image information is multimodal, or hybrid, imaging-the acquisition of multiple imaging modalities-which has become common practice. Functional PET images, for example, are now invariably taken in combination with an anatomical X-ray CT [12] . There is now also interest in bringing hybrid modalities to radioguided surgery.
In this review, we discuss intraoperative hybrid techniques currently in use or development and suggest possible directions of future research. Many of these techniques are still in the early stages of technology readiness, with the most advanced technique only entering clinical testing within the last 6 years. Due to this, much of the research summarised here describes translational research either in early clinical pilots or with relevance to upcoming applications in human subjects.
Method
A literature search was carried out using Scopus and PubMed. References for articles matching the search terms in their abstract, title or keywords were downloaded, with duplicated articles and abstract-only conference proceedings removed. Title and abstract screening was then used to exclude irrelevant articles and to organise the remaining articles into appropriate topics as discussed below. The search included all articles available in these databases up to January 2017. Papers not available in English were excluded. Review papers are included in article counts, but have not been used for analysis unless stated otherwise. Where appropriate, references from papers retrieved in this way were also included for review.
An intentionally broad literature survey was carried out for this topic to ensure that no information was missed due to lack of prior knowledge of the authors. The search terms used are given in Table 1 . Eighteen searches in total were carried out to allow all combinations of one term each from column A, column B and column C, with the logical operator 'AND' used between terms.
This search yielded a total of 2367 retrieved papers, of which 516 duplicate articles and abstract only conference proceedings were removed. The remaining papers were separated into categories as follows (Table 2) , with 1426 papers excluded due to not matching with any of the criteria listed. Each category was broken down into a number of subheadings for ease of assessment. Some articles could have been placed in multiple categories-the authors used their judgement to place the article in the single best matched category.
Results
Hybrid systems combining different imaging modalities can provide additional diagnostic information to clinicians and improve patient care. Both PET-CT and SPECT-CT are routinely used and new hybrid systems, such as PET-MRI, continue to emerge. In all these examples, nuclear techniques-which provide functional information-have been combined with techniques that provide detailed anatomical information. Hybrid modalities may also be used to provide complementary information-X-ray mammography may be combined with ultrasound, for example, with the first modality used to identify lesions and the second to characterise them more fully.
Radioguided surgery is a functional technique, with nonhybrid imaging systems only providing an indication of where a source of radioactivity is located within the camera's field of view, with no relation to anatomical landmarks. Combining these with an anatomical technique such as bright field imaging, ultrasound, MRI or CT might therefore be expected to provide benefits. Table 3 outlines the hybrid intraoperative imaging types found during the review process with a radioguided component and how retrieved papers were split over developmental stages.
Gamma-bright field imaging

Background and rationale
The use of intraoperative gamma cameras also referred to as portable or small field of view (SFOV) gamma camerashave been shown to improve localisation for sentinel lymph node biopsy when used with non-imaging gamma probes, particularly for nodes close to high-activity injection sites which cannot be resolved by probes [13] . When gamma imaging is used in isolation, areas of radioactivity are typically shown as bright spots on a black field with no method to directly relate their locations to the surgical field. Attempts to relate the gamma image to the anatomical position on the patient include the use of a laser guide to show the centre of the gamma FOV on the patient, or imaging directly against a patient and then drawing around the gamma camera to mark its position.
For other intraoperative techniques, such as near-infrared fluorescence imaging, functional images are combined with anatomical information from a camera imaging visible light (known as visible, white light or bright field imaging). Fused images combining both modalities have been shown to aid in the localisation of lesions of interest [14] . Applying a similar approach to gamma imaging could allow clinicians to more easily link regions of high activity to locations in the surgical field. Table 3 Review findings for hybrid modalities in radioguided surgery using criteria outlined in Table 2 Category Number of articles 
Current status
The Freehand SPECT system using a 'virtual image frame' has been tested in SLNB for melanoma [15] , breast [16] and head and neck [17] cancers and for parathyroid adenomas [18] . This system combines a standard non-imaging gamma probe or portable gamma camera with attachments on both the probe and the patient for detection by an infrared optical tracking system. As the probe is moved around the surgical field, its position and signal are recorded and used to build up a three-dimensional image of areas of radioactivity. An optical camera at a fixed position records a video of the surgical field, and the 3D SPECT image is transformed based on its position and overlaid on the optical image-although generation of the SPECT image requires an approximately 90 s rolling window [19] . This system showed improved detection of sentinel nodes compared to non-imaging gamma probes [17] and the direction and depth estimation provided were found useful by surgeons [20] with the overlay visualisation on the live video improving surgical accuracy [18] . There are, however, some limitations to the system, with the quality of the produced images varying between users [20] and the need for the operating field to remain static over a period of time to ensure accurate localisation [18] . A portable gamma camera, adapted for hybrid gammaoptical imaging, has been tested intraoperatively. This system was a prototype consisting of the commercially available Sentinella portable gamma camera and an optical module with two optical cameras [21] . The system was calibrated through imaging 15 point sources at a distance of 15 cm and calculating the homography transformation for the modalities. The dual-optical cameras were used to estimate the contours of the surface being imaged. This, along with the calibrated transformation, allowed an optical image to be mapped onto the gamma imageproducing a fused image showing both modalities-see Fig. 1 . Imaging transformation and fusion required 1-2 s processing time. The average error in location between the gamma and optical images (co-registration errors) was 1 cm at a 15 cm imaging distance, and fusion was not possible at all for imaging distances \5 cm. Fused images were found to be easier to interpret than gamma images alone. Although the co-registration errors meant that they could not be used to directly localise sources, it was found that fused images were particularly useful for determining the orientation and location of the gamma imaging FOV. A similar principle of stereo cameras combined with a portable gamma camera has been used to map gamma images onto an optical image (as opposed to the reverse for the Sentinella system) with smaller co-registration errors when tested in phantoms [22] .
With mechanical alignment of the optical and gamma modalities, co-registration errors due to imaging distance and camera alignment can be reduced or eliminated. In the Hybrid Gamma Camera, a mirror is placed in front of the pinhole collimator of a portable gamma camera at 45°to the collimator's surface, reflecting optical photons to a separate camera [23] . This design means that the FOVs of the optical and gamma components are matched for any imaging distance. The Hybrid Gamma Camera has been used in clinical thyroid imaging [24] , but has not yet been tested intraoperatively.
The use of hybrid radioisotope-visible fluorescence probes is common in preclinical imaging and some of these have been translated to the clinic, i.e. for preoperative PET imaging prior to intraoperative optical guidance [25] . In this review, no instances of the hybrid intraoperative use of gamma-visible fluorescence were found. This is likely due to very poor penetration of visible photons through tissue, which would limit visible fluorescence imaging to a surface-only technique. Near-infrared fluorescence is more penetrative than visible light, and hybrid imaging at these wavelengths is discussed in the following section A comprehensive review of hybrid gamma-optical tracers can be found elsewhere [25] .
Gamma-NIR fluorescence imaging
Background and rationale
Near-infrared (NIR) fluorescence imaging utilises a tracer that produces optical photons when excited by an external light source. The vast majority of optical light will be absorbed or scattered within the tissue, meaning that optical imaging at depth is limited to a few windows where the major absorption peaks for water, haemoglobin and deoxyhaemoglobin are avoided and therefore transmission is highest (wavelengths of 650-900, 1100-1350, 1600-1870 nm) [26] . Currently, indocyanine-green (ICG) (peak emission at 820 nm) is the fluorophore considered to have the most suitable properties (high photon yield, good tissue penetration and low autofluorescence) that is approved for use in humans (US Food and Drug Administration, European Medicines Agency) [27] ; however, the maximum imaging depths are still limited to 5-15 mm [28] . Despite limitations in tissue penetration, NIR fluorescence imaging offers high photon count rates with a high spatial and temporal resolution [29] .
The combination of gamma and NIR fluorescence is complementary. Gamma radiation has a very high tissue penetration, allowing detection of sources at depth within the body. However, the high energy of gamma photons means that spatial resolution can be a few centimetres in practice; although this could be improved significantly in theory, any improvement is likely to degrade sensitivity-a more important parameter for intraoperative imaging. The high energy of gamma photons also results in relatively low sensitivity, so images may need to be acquired over several minutes to build up a statistically significant number of photon counts.
Hybrid gamma-NIR fluorescence imaging combines the depth penetration of gamma imaging with the high-quality real-time imaging available for NIR fluorescence. A more complete description of this hybrid modality can be found elsewhere [30] .
Clinical use
The clinical use of hybrid gamma-NIR fluorescence imaging has so far been limited to the use of ICG as the fluorescence component due to its licence status and availability.
Clinical studies have been particularly focussed on the use of ICG and 99m Tc for sentinel lymph node biopsy. The current best practice for SLNB is to inject a 99m Tc-based tracer (such as 99m Tc-nanocolloid) into the area surrounding the tumour to locate the first-draining 'sentinel' nodes during radioguided surgery using a non-imaging probe. Prior to surgery, a blue dye is also injected to visually aid the surgeon in locating the sentinel nodes. The exact procedures vary, depending on the institution, the cancer type and location (i.e. the amount of and type of radiopharmaceutical injected, the typical time between injection and surgery and the use of preoperative imaging all vary). The disadvantages of this technique include difficulty in locating sentinel nodes with a gamma probe and the chance of the blue dye causing 'tattooing' of the skin or allergic reactions.
Fifteen clinical investigations of dual localisation with both an ICG and a 99m Tc probe for SLNB have been reported in the literature. Of these, all bar two studies used the self-assembling hybrid tracer ICG99m Tc-nanocolloid, with the remaining studies introducing the two tracers separately. Table 4 contains brief details for each of these studies. It is worth noting that, as would be expected for new techniques, the vast majority of these studies have been conducted at, or in collaboration with, a specific institution and using a specific set of instruments. Multicentre studies are necessary to ensure that these results can be replicated by less experienced teams and using differing instrumentation.
Hybrid gamma-NIR fluorescence intraoperative guidance has been used for breast [31] , prostate [32, 33] , vulvar [34, 35] and penile [36] [37] [38] [39] cancers along with a range of melanomas [36, [40] [41] [42] and cancers of the head and neck (H&N) [36, 38, [40] [41] [42] [43] [44] [45] . Figure 2 provides an example series of images from a head and neck procedure.
The greatest amount of research has been conducted for head and neck SLNB with half of the tabulated studies including at least some H&N SLNBs, followed by inguinal SLNB (vulvar and penile) which were included in 6 of the 15 studies. From our review, only a single study investigated the use of hybrid tracing for breast cancer or for non-H&N melanoma, despite these being the most common SLNB procedures. Although this may partly be associated with patient demographics in the investigating research groups, this is also indicative of SLNB procedures with the largest scope for improvement.
Breast SLNB has a reported sensitivity of approximately 100% [46] , whereas that of inguinal SLNB for vulvar cancer has been found to be 92% (note that this is a pooled metaanalysis result from 47 papers, including two using the ICG99m Tc technique described here) [47] , with an identical sensitivity for penile cancer when the current gold standard blue dye and radiotracer technique is used [48] . The Table 4 Clinical studies using hybrid gamma-NIR guidance with 99m Tc and ICG for SLNB ordered by year of publication sensitivity of H&N SLNB can vary widely depending on tumour location, ranging from 79 to 87.5% [49] . The lower sensitivity of H&N SLNB is attributed to the complicated structures and drainage patterns within the head and neck, and to the greater likelihood of a node being positioned close to the injection site and so being undetectable with a gamma probe. The poorer sensitivity in these regions may suggest that an improvement on the existing gold standard technique for SLNB is required, and hybrid gamma-NIR fluorescence probes are one possible solution. All the studies in Table 4 found some utility in the hybrid approach. Nine papers described nodes detectable with NIR imaging but not with the gamma probe [33, 36, 37, 39, 40, [42] [43] [44] [45] , and seven described nodes detectable with the gamma probe but not NIR imaging [33, 34, 36, 37, 39, 40, 43] (six studies describe both situations [33, 36, 37, 39, 40, 43] ). A number of authors stated that the blue dye typically used for SLNB did not provide additional benefits for detection over the dual use of 99m Tc and ICG [31, 34, 35, 37, 40, 42] . For detection with gamma probes, difficulties occurred when nodes were relatively close to the tumour/injection site (although in one case this was thought to be due to radioactive decay reducing the signal to undetectable levels [37] ). Interestingly, two studies which also used a gamma camera stated that this could be used to detect nodes in regions where background noise swamped gamma probe detection [36, 44] .
Near-infrared detection failed when nodes were shielded by tissue; three studies indicated that NIR fluorescence imaging could not detect any nodes prior to incision [39, 41, 45] and two identified nodes that were not detectable in vivo with NIR fluorescence, but were found to be fluorescent when imaged ex vivo [34, 36] . In some cases, the depth limitations for NIR fluorescence imaging were used to estimate node depth and therefore make decisions about the level of invasiveness that would be required to remove these nodes [43, 44] .
In addition to benefits seen in detection, some studies noted that logistics could be improved through use of a single injection for both preoperative and intraoperative imaging [27, 37, 40, 42] , as binding to the 99m Tcnanocolloid prevented the ICG from being quickly washed out-a known limitation of smaller particles such as the blue dye. A single injectable also ensures registration between the different modalities [34] and optimises logistics [31, 41, 43] . The fact that ICG, along with other NIR fluorescent dyes, is invisible to the human eye means that it does not interfere with the surgical field [43] , whereas the blue dye may stain and interfere with primary tumour margin visibility.
The production of the hybrid tracer and so costs per procedure were considered minimal by a number of authors (e.g. [31] ). The setup costs in terms of purchasing an appropriate NIR imaging system may be a limitation, although prices vary depending on the systems chosen with some authors considering NIR imaging systems to be of low cost [31] and some of moderate to high cost [42] .
One downside of NIR imaging for open surgery is the need to dim the level of surgical lights during imaging to reduce background noise [37, 40, 42, 43] (this is not necessary for laparoscopic surgery). NIR imaging is conducted with the surgical lights dimmed and forceps used to indicate a located node before the lights are turned back on and surgery can progress [50] . Although not noted as a particular logistical challenge in the tabulated studies, this process can disrupt surgical procedure flow and may limit the uptake of NIR imaging in surgical practice. This, however, is not a problem inherent to the modality and engineering solutions are already in development. One option is to replace traditional surgical lights with ones designed to not interfere with NIR fluorescence imaging [41] , although this is likely to increase the setup costs significantly. Another solution currently in development is to pulse the excitation light source in sync with the detector frame rate so that pairs of frames, one with and one without fluorescence excitation, are generated [50] . Image subtraction then generates an NIR fluorescence image, with the effect of background ambient light removed. This is a promising technique, although not yet fully optimisedhalogen satellite lamps for example still interfere with NIR imaging and must be turned off or directed away from the surgical field [50] . In addition to its use in SLNB, ICG99m Tc-nanocolloid has recently been investigated for use in radioguided occult lesion localisation (ROLL) [51] . In this study, four patients with confirmed tumour-positive 18 F-FDG-avid lesions were enrolled. The hybrid tracer was injected centrally into each lesion under ultrasound guidance and SPECT-CT imaging was used to confirm its location. Intraoperatively, the lesions were identified using a non-imaging gamma probe (Neoprobe), a gamma camera (Sentinella) and an NIR fluorescence camera (Photodynamic Eye) and excised. The NIR imaging was particularly useful in providing anatomical information about the location of the lesions, which was not available with the intraoperative gamma images [51] . Further evaluation of this technique is needed to determine whether it benefits patients and clinicians.
Probe development
The interest in gamma-NIR fluorescence imaging is indicated by the large number of articles describing new probes in development for intraoperative hybrid imaging. Those dealing with NIR fluorescent hybrid tracers can be split into two categories-non-specific probes, including the self-assembled ICG99m Tc-nanocolloid [52] which has now been clinically tested (see Table 4 ), and specific probes which are designed to target and bind to particular biomarkers. Table 5 provides brief details of the preclinical studies of hybrid targeted tracers.
Hybrid optical-gamma tracers are in development to target prostate [53, 54] , renal cell carcinoma [55, 56] and colorectal [57] , neuroendocrine [58] and breast [59, 60] cancers in addition to glioblastoma [61, 62] and even bacterial infections [63] . The development of these tracers opens up the possibility of the Guided Hybrid intraOperative Specific Targeting (GHOST) technique [30] for a range of cancers. Along with localisation, one goal of the GHOST technique is to greatly improve tumour resection by allowing surgeons to accurately determine tumour margins-something that can often be difficult using visual guidance. Clear tumour delineation through hybrid imaging would allow resection with appropriate margins, ensuring that neither too much nor too little of the surrounding tissue is removed along with the tumour and that no cancerous material remains.
Targeted probe development is split fairly evenly between the use of b-emitting tracers (used for PET) [53, [59] [60] [61] [64] [65] [66] [67] and gamma-emitting tracers (used for SPECT) [54-58, 63, 67-70] . Most of these probes have been developed with a view to using the gamma component preoperatively and the NIR fluorescence component intraoperatively, but in principle they could also be used for hybrid intraoperative detection. For tracers with a gamma-emitting component, intraoperative procedures could use a standard gamma probe or camera. Intraoperative imaging of PET tracers is more difficult, but there are systems in development to do so either through direct detection of the b radiation [71] or detection of the gamma radiation generated during b
? /b -annihilation [72] . None of the tabulated probes used ICG as the fluorescence component despite it being the only NIR fluorescence dye with clinical heritage as, unlike the dyes used in Table 5 , it cannot be covalently attached to a targeting scaffold [73] . The majority reported using IRDye 800CW available from LI-COR Biosciences with an absorption peak at 774 nm and an emission peak at 789 nm. This dye has recently been licensed for use in clinical trials (US and Europe) with several trials in humans published since 2015 (e.g. [74] ). As yet, a hybrid gamma-CW800 probe has not been tested clinically; however this is likely to be an area of growth as licences are now in place.
Technological developments
The vast majority of reported clinical uses of hybrid gamma-NIR fluorescence intraoperative imaging, tabulated in Table 4 , were carried out using different imaging systems for the gamma and fluorescence modalities. The use of multiple systems can have some benefits-each instrument can be optimised for its own modality and they may provide more flexibility of use for the institutions that purchase them. However, multiple imaging systems, each generally mounted on its own trolley with its own screen or screens, require a significant amount of space within an operating theatre and may require multiple members of staff to operate. Switching between imaging systems may also cause logistical challenges or extend the time of surgery. When two systems are used concurrently, the angle and field of view of each system will differ and images from each system will not align in an intuitive way.
To date, the only hybrid gamma-NIR fluorescence device to be tested intraoperatively is the prototype optonuclear probe [38] . This device works similarly to a standard non-imaging gamma probe, providing an audible indication of signal within the FOV, but can be operated in an additional NIR fluorescence sensing mode. When the NIR fluorescence mode is selected, a laser excitation source integrated into the device is switched on and the fluorescence signal is detected by a photomultiplier tube (PMT) behind a high pass filter to block extraneous lightallowing the probe to be used in ambient lighting conditions. The signal from the PMT is fed into the same acoustic system as the gamma signal when in gamma mode operation.
Although surgeons found the use of the opto-nuclear probe intuitive, the lack of imaging capability was seen as a disadvantage in some cases [38] . Unlike gamma count rates which can be considered directly proportional to source activity, NIR fluorescence could not be used quantitatively as signal rates were influenced by intervening tissue, even in excised lymph nodes. Further studies are needed to determine whether the opto-nuclear probe is superior for sentinel node location when compared with a standard gamma probe, or whether a separate NIR fluorescence camera will still be needed to gain the full benefit of the hybrid modality.
The combination of multiple devices (one gamma, one optical) into a single hybrid navigation system has also been trialled [39] . In this study, an NIR fluorescence camera (VITOM) was connected to either a non-imaging gamma probe (GP) or to an SFOV gamma camera (GC) using custom attachments that aligned the focal point of each modality at the optimum working distance for the VITOM. In general, the VITOM-GP was preferred by surgeons as the separate feedback systems (visual for the NIR fluorescence, acoustic for the gamma probe) could be interpreted simultaneously, whereas the VITOM-GC required surgeons to switch between visual signals from two separate screens-however, it was noted that full integration of the modalities onto a single screen in the future may improve surgical logistics. Although the focal points of the devices were mechanically aligned, this was In (c) 2016 [58] Note that only articles describing specific probes are included, not those that solely described generic platforms for use with different targets, fluorescent or gamma components or those that compare multiple probes. Nuclear components have been labelled as gamma emitting (c) or positron emitting (b) a LI-COR Biosciences b Lumiprobe c Amersham Pharmacia Biotech only the case for a single imaging distance (11 cm), which is not the optimum working distance for either the gamma probe or the gamma camera. Operating at different distances meant that the two modalities were not fully aligned-so it was not always possible to see a node within the FOV of both devices simultaneously. Although the integration of modalities was shown to be synergistic, this study also demonstrated the extent of hardware developments needed to produce a truly integrated system-matched FOVs at a range of imaging distances, adjustable focus for each imaging distance without interrupting surgical workflow and the need to improve the sensitivity of NIR fluorescence imaging at larger imaging distances through improved camera sensitivity and higher powered excitation light sources [39] . Technologies designed for combined gamma-visible imaging (see ''Gamma-bright field imaging'') show that the coalignment of these modalities is achievable (as the principles behind visible and NIR fluorescence detection are identical)-recently, an adaptation to the Hybrid Gamma Camera has been tested to show proof of concept simultaneous coaligned gamma-NIR fluorescence imaging [75] ; however it is not known whether the required sensitivity in NIR fluorescence would be achievable with this system.
Gamma-ultrasound imaging
Background and rationale
During ultrasound imaging, ultrasonic waves (acoustic waves with frequencies higher than around 20 kHz) are generated in contact with the patient. The waves pass through the body and are reflected by the interfaces between tissue types. The reflected waves are detected and processed to produce anatomical images, distinguishing between soft tissue, muscle, fat and fluid. Ultrasound imaging systems are relatively compact and portable with a history of intraoperative use for localisation of lesions [76, 77] . Although echogenic contrast agents do exist for ultrasonic imaging, these are not commonly used, and ultrasound is generally considered safe, cost-effective and reliable.
Combined gamma-ultrasound imaging would include functional data, from the gamma image, with anatomical data from the ultrasound aiding surgical localisation.
Current status
Hybrid gamma-ultrasound imaging has been tested intraoperatively using the Freehand SPECT system (described in ''Gamma-bright field imaging -Current status''). Among other studies [19] , in 2015 the combined gamma-ultrasound system was used to locate sentinel nodes in the head and neck for fine-needle aspiration cytology [78] . 3D gamma images were first generated with the Freehand SPECT system before an ultrasound system attached to the same position-sensing equipment was used. The tracking systems allowed automatic co-registration of the gamma and ultrasound images with deviations limited to a few millimetres; however, this was only the case as specific attention was paid to keeping the patient stationary between imaging procedures to overcome the errors seen in previous studies [78] . The combined imaging procedure identified metastatic lymph nodes which would not have been sampled using ultrasound only guidance; however, sampling errors (intrinsic to aspiration as opposed to full sentinel node excision) did result in false negatives in some cases. This procedure is illustrated for a breast cancer patient in Fig. 3 .
A dual gamma-ultrasound imaging device is also under development as part of the ECORAD collaboration, although published work on this to date appears to be limited to Monte Carlo [79] and phantom [80] simulations. These studies provide a proof of principle of the system, but further development is needed to improve camera performance.
Gamma-b imaging
Background and rationale Some existing radiopharmaceuticals produce both gamma and b radiation ( 131 I for example produces 363 keV gamma rays alongside b
? emissions) and those that exclusively produce b radiation (such as 18 F) can be detected via the 511 keV emissions from b ? /b -annihilations. Although gamma rays can travel many centimetres through tissue, penetration of b radiation is limited to a few millimetres.
For radioguided surgery near organs with a large radiotracer uptake (e.g. the heart, bladder or brain), the penetration of gamma rays can cause background contamination from these organs and hamper detection [71] . Combined gamma-b detection would be complementary, with gamma detection used for general localisation at depth and b detection for high-resolution localisation.
Current status
Separate non-imaging gamma and b probes have been tested in concert for a range of cancers (including breast, thyroid, colorectal and gastric)-although the sensitivity of the gamma probe to 511 keV photons was found to be too low to be clinically useful. Phantom studies showed that the amount of tissue needed for localisation with the b probe was an order of magnitude smaller than that needed for detection with a whole body PET. The b probe was considered useful in confirming that no tumour tissue remained in the resection bed. However, the short range of positrons in tissue means that tumour sites covered with benign tissues may potentially go unnoticed-this suggests that combination with a gamma probe of an appropriate sensitivity would be beneficial [81] .
Combined systems for both gamma and b detection are in development. A multilayered detector has been shown to discriminate between gamma and b radiation and provide spectroscopic information for both [82] -although this system has not been designed with medical applications specifically in mind. A probe combining both non-imaging gamma detection and b imaging capabilities is in development for intraoperative use [83] . The dual-channel probe has been tested in a variety of phantoms and is able to produce images with a sub-millimetre spatial resolution, detecting simulated tumours with background ratios as high as 10:1. When simulated tumours were placed under chicken skin, variation in skin thickness was seen to have a large effect on the detected signal indicating that, as in NIR fluorescence, variable attenuation prevents b imaging from being a quantitative technique.
Gamma-Cerenkov luminescence imaging
Cerenkov luminescence is produced when a charged particle moves through a medium at a speed greater than the speed of light in that medium. As the particle travels though the medium, energy is transferred to the medium. After the particle has passed, electrons in the medium relax and, in doing so, emit optical photons-typically in visible or ultraviolet wavelengths [84] .
For intraoperative imaging, a b-emitting radiopharmaceutical, such as 18 F, is administered. The rationale for gamma-Cerenkov luminescence imaging is similar to that for gamma-b imaging. Gamma detection may be used for coarse localisation at depth, while Cerenkov luminescence imaging offers enhanced spatial resolution but with minimal depth penetration.
Due to the low intensity of Cerenkov luminescence, it is best suited for endoscopic or ex vivo imaging where an entirely light-tight environment can be ensured (see Fig. 4 for an example of this technique). Cerenkov luminescence imaging has been used clinically in both these situations and has also been used in conjunction with preoperative PET imaging [84] ; however, this review found no instance of usage of hybrid intraoperative imaging. Cerenkov luminescence imaging is still a relatively new intraoperative technique, and the development of hybrid systems is likely to follow after optimisation of this technique. [85] ) to assess the margins of excised tumours.
B-OCT imaging
Background and rationale
Both b detection and OCT are superficial techniques, with b detection providing functional information, and OCT anatomical information (albeit on a very small scale).
Current status
A prototype hybrid b-OCT probe currently in development comprises a central scanning OCT fibre, surrounded by scintillating fibre tips able to detect b radiation [86] . The detection of b particles is intended for coarse localisation of activity, with the scanning OCT providing high-resolution co-registered structural imaging of the tissue. This has been tested in ovarian cancer-a cancer that is often diagnosed at late stages due to difficulties in detection. Although PET imaging with 18 F-FDG can detect ovarian tumours, the low background to tumour signal ratio can make early stage cancers undetectable [87] and so more sensitive diagnostic tools are needed. The hybrid probe has been used for ex vivo ovary imaging after injection of 18 F-FDG. Positron count rates of 7.5/8.8-fold higher were found between malignant ovaries and abnormal/normal ovaries. OCT imaging of malignant and abnormal ovaries revealed many detailed morphologic features that could be potentially valuable for evaluating local regions with high metabolic activities and detecting early malignant changes of the ovary, with structures seen intraoperatively that were then confirmed in histology (see Fig. 5 ). Improvements to sensitivity and miniaturisation of the device (to fit a standard laparoscope accessory port) are planned before future in vivo testing [87] .
Gamma-MR imaging
Magnetic resonance imaging (MR) requires that hydrogen nuclei in the body are excited by radiofrequency pulses while an external magnetic field is applied. The rate of spin relaxation differs for atoms within different tissue and these rates can be used to build up an image of tissue distribution. Although some forms of MR imaging are functional, it is typically thought of as an anatomical technique and is particularly suited to imaging soft tissues. The need for very strong magnetic fields has limited the use of MR imaging intraoperatively, with specialist operating rooms and large and expensive equipment required [88] .
Although hybrid gamma-MR probes are in development [89] [90] [91] , these are likely to be best suited to preoperative MR imaging and intraoperative gamma detection rather than for truly hybrid intraoperative imaging. With the advancement of preoperative and intraoperative image fusion (see ''Fusion of preoperative and intraoperative images''), these probes may find more surgical utility.
Fusion of preoperative and intraoperative images
Although not the main focus of this review, the fusion of preoperative and intraoperative images is an adjacent field to intraoperative hybrid imaging. In general, this technique aims to fuse images taken during surgery with those taken prior to surgery. One benefit of preoperative/intraoperative image fusion is the ability to use preoperative imaging techniques including MRI, SPECT, PET-CT, etc. which are not available in the operating theatre and which provide different or improved information such as 3D vs planar, higher sensitivity and the ability to image different structures. Preoperative images such as these are already widely used to inform radioguided surgery [92] ; however, it can be difficult for surgeons to directly relate what they see in the surgical field to features in the preoperative image. One way to overcome this could be to fuse preoperative and intraoperative images into an augmented reality display.
The Freehand SPECT tracks the location of a gamma detection device and uses this to build up a 3D image of the distribution of a radioisotope. In ''Gamma-bright field imaging -Current status'' it was discussed that this could then be overlaid on a video of the surgical field. This system has been adapted to act as an augmented reality navigation system, with the tracked location of the gamma probe used to display the preoperatively acquired images from the point of view of the probe, or to overlay them on the surgical field. This has been tested in phantoms for preoperative MR images [93] and intraoperatively for SPECT-CT images [94] . In principle, intraoperative Freehand SPECT images could in addition be fused with the preoperative images, with both overlaid on the video of the surgical field for augmented reality surgical guidance.
The registration of pre/intraoperative images can be a complicated and mathematically intensive process [95] , particularly as for intraoperative use real-time (and preferably entirely automatic) registration would be required. Further difficulties occur when areas of the field are deformed during surgery or if there has been an internal shift in the position of features after preoperative imaging occurs, and so it is unlikely that augmented reality based on preoperative imaging can ever be used in isolation. It may be that combined pre/intraoperative images will prove the ideal solution, but more developmental work is needed to make this a practical possibility.
Discussion
Hybrid intraoperative radioguided surgery is a broad and steadily growing field. To date, the majority of clinical studies have investigated gamma-NIR fluorescence imaging in SLNB. SLNB biopsy is a well-established, common and reliable technique and can be considered a useful testing ground for newer intraoperative imaging modalities. NIR fluorescence imaging is relatively affordable which may also have encouraged the extent of testing of this technique. The focus of most of these studies is SLNB for cancers of the head and neck-a procedure where optimisation is still needed and where a hybrid approach may offer the most benefit. A number of targeted hybrid gamma-NIR fluorescence probes are in development, and it is expected that the use of intraoperative gamma-NIR fluorescence imaging for tumour resection will be a large area of research in the future.
A range of other hybrid techniques are also in development, with some focussed on providing additional anatomical information to surgeons (gamma-bright field, gamma-ultrasound, b-OCT) and some aimed at complementing traditional radioguided surgery (overcoming known spatial resolution and background contamination concerns as in gamma-NIR fluorescence and gamma-b imaging). None of these techniques is likely to prove a universal solution for all radioguided procedures; however, it is envisaged that with further development all these techniques can be offered as additional tools for surgeons, assisting with the procedures they wish to perform.
A summary of the findings of this review can be given as follows;
1. Hybrid radioguided surgical techniques are designed to combine functional and anatomical information, or to improve the spatial resolution of radioguided techniques while maintaining depth penetration. 2. The goal of hybrid radioguided surgery is to reduce surgical times and/or increase surgical precision when compared with traditional radioguided techniques. strengths and weaknesses. The uptake of these techniques will depend on proof of clinical benefits as they enter higher developmental levels.
